Many examples of enzymes that have lost their catalytic activity and perform other biological functions are known. The opposite situation is rare. A previously unnoticed structural similarity between the λ integrase family (Int) proteins and the AraC family of transcriptional activators implies that the Int family evolved by duplication of an ancient DNA-binding homeodomainlike module, which acquired enzymatic activity. The two helix-turn-helix (HTH) motifs in Int proteins incorporate catalytic residues and participate in DNA binding. The active site of Int proteins, which include the type IB topoisomerases, is formed at the domain interface and the catalytic tyrosine residue is located in the second helix of the C-terminal HTH motif. Structural analysis of other 'tyrosine' DNA-breaking/ rejoining enzymes with similar enzyme mechanisms, namely prokaryotic topoisomerase I, topoisomerase II and archaeal topoisomerase VI, reveals that the catalytic tyrosine is placed in a HTH domain as well. Surprisingly, the location of this tyrosine residue in the structure is not conserved, suggesting independent, parallel evolution leading to the same catalytic function by homologous HTH domains. The 'tyrosine' recombinases give a rare example of enzymes that evolved from ancient DNA-binding modules and present a unique case for homologous enzymatic domains with similar catalytic mechanisms but different locations of catalytic residues, which are placed at non-homologous sites.
The wealth of biochemical, sequence and structural information accumulated over the years of molecular biology provides examples of proteins that change function in the course of evolution (1) (2) (3) (4) . Enzymes having a chemical requirement for invariant amino acids in the active site are particularly vulnerable to selection pressure. Using sequence similarity, one can detect proteins evolutionarily related to enzymes but lacking catalytic activity due to disruption of their active sites. These proteins may function, for example, as transcription regulators (4) . Given that an overwhelming majority of homologs to such proteins are indeed enzymes and that the non-catalytic variants are uncommon (4) , there is little doubt about the direction of evolution in these cases: the enzyme has lost its activity/ acquired a new function. The reverse path of evolution is rather rare. There are few examples of normally non-enzymatic domains that gain catalytic activity (5, 6) , particularly for transcription regulators. One such example is discussed here.
The helix-turn-helix (HTH) DNA-binding motif is ubiquitous and detected in many transcription regulators (7) (8) (9) . HTH transcription factors are diversified across a variety of orthologous families and the HTH motif is incorporated into several structural scaffolds (9) . The most common of these scaffolds, hereafter referred to as homeodomain-like (HHTH), has a hydrophobic core of two α-helices (helices B and C) completed by another, usually N-terminal, α-helix (helix A). This structure can be described as a right-handed three-helical bundle (Fig. 1b) . Some examples of HHTH proteins are homeodomains, AraC-type transcriptional activators and members of the winged HTH family (HHTHw), typified by the C-terminal domain of catabolite gene activator protein (CAP) (7) . HTH bundles can usually be distinguished from other three-helical structures by a sequence signal in the HTH motif (8) (9) (10) (11) . Very divergent representatives with known spatial structure can be recognized by the characteristic packing of α-helices B and C at nearly a right angle to each other (Fig. 1b , helices B1-C1 and B2-C2, Fig. 1c) . The turn between α-helices B and C offsets α-helix C so that the N-terminal part of C is packed against the middle of B. α-Helix B is usually short (two or three turns) and C, which binds to the DNA major groove, is longer (12) . A monophyletic origin for most HHTH proteins has been proposed (8) .
Site-specific recombination allows living organisms to rearrange and redistribute their genetic content by cutting and rejoining DNA segments at specific sequences. Recombinases catalyze DNA breakage, strand exchange and ligation. One of the two major recombinase types, the λ integrase family (Int), uses a tyrosine nucleophile in a reaction that proceeds through a stable 3′-phosphotyrosine DNA-enzyme intermediate (13, 14) . The structures of several family members, namely bacteriophage λ integrase (15) , bacteriophage HP1 integrase (16), XerD from Escherichia coli (17) and Cre recombinase from bacteriophage P1 (Fig. 1a) (18) , have recently been solved. The most extensive structural information obtained concerns the DNA-binding mode and mechanism of Cre enzyme (19, 20) . X-ray crystallography revealed that type IB topoisomerases (21) , which include eukaryotic (22, 23) and viral (24) enzymes, also belong to the Int family due to extensive conservation of *Tel: +1 214 648 3386; Fax: +1 214 648 9099; Email: grishin@chop.swmed.edu the structural core, active site arrangement and the catalytic mechanism (25, 26) .
The Int family has always been treated as a unique fold without much structural similarity to other proteins (27) (28) (29) . SCOP (30, 31) groups Int family structures into the fold named 'DNA-breaking/rejoining enzymes' of α+β class. CATH (32) places them in the 'mainly α' class with non-bundle architecture. However, structure similarity searches with such programs as DALI and VAST initiated with Cre recombinase coordinates (18) (pdb entry 1crx, Fig. 1a ) reveal a highly significant and striking match that spans the entire length of the MarA transcriptional activator molecule (33) (pdb entry 1bl0, Fig. 1b) . DALI (34, 35) superimposes 88 C α atoms of 1crx (322 residues) and 1bl0 (116 residues) with a Z score of 4.0, r.m.s.d. of 3.3 Å and 17% identity in the resulting sequence alignment (Fig. 1d) . VAST (36) aligns 78 C α atoms of these proteins with a P value of 0.0002, r.m.s.d. of 2.5 Å and a sequence identity of 16.7%. Additionally, superposition of C α traces of Cre recombinase and MarA results in an almost perfect superposition of DNA molecules present in the crystals (Fig. 1a-c) despite the fact that DNA coordinates were not used in r.m.s.d. minimization. Thus the modes of DNA binding are essentially identical for Cre recombinase and MarA. Such an extensive structural resemblance combined with similar substrate binding and non-random sequence identity (18%, Fig. 1c ) argues for homology (3, 37) between DNA-breaking/rejoining enzymes and MarA. Surprisingly, similarity between the two proteins remained unnoticed to date.
MarA is a member of the AraC family of transcription activators that control expression of a variety of genes (33) . The MarA structure consists of two HHTH modules with a unique mutual arrangement, previously unrecognized for multi-HTH proteins, in which two HHTH domains are approximately related by a translation (33) (Fig. 1b) . This arrangement results in tight packing of the two domains and places two almost parallel DNA-binding helices in the major groove at a separation of one DNA double helix turn (Fig. 1b) . Both MarA domains have structural counterparts in the Cre recombinase-DNA complex and all six MarA α-helices are superimposable between the two proteins (Fig. 1) . The homology of Cre and MarA suggested by structural, functional and sequence similarity implies that the catalytic segment of Int proteins consists of two consecutive HHTH domains. However, it is difficult to determine at present if the common ancestor of Int and MarA already contained two HHTH domains or if duplications in these proteins occurred in parallel. Interestingly, among the four articles describing different independently solved Int protein structures (15) (16) (17) (18) , only one discusses the structural similarity of the first HHTH domain in Int proteins with the HTH motif of the catabolite activator protein DNA-binding domain (17) . X-ray crystallography revealed that the second HHTH domain, which contains a catalytic tyrosine residue, is conformationally variable between different representatives of the family, as well as between different DNA complexes of the same Cre protein, and thus might fold into the HHTH structure upon DNA binding only (15) (16) (17) (18) (27) (28) (29) . For example, in λ integrase the catalytic tyrosine is modeled in a flexible β-strand-like region. Such flexibility might be necessary for proper functioning of the enzymatic HHTH domain. It is well known that the active sites of many enzymes include regions of higher flexibility to accommodate changes in the substrate during catalysis. Therefore, it is likely that the second HHTH domain, which contains most of the active site residues (Fig. 1a and c) , acquired some structural flexibility while the first HHTH domain, which is used mostly for DNA binding in a standard HTH-like manner, remained rigid.
Thus the Int family fold has likely evolved by a duplication of an ancient HHTH protein (Fig. 1a, red and blue) . The first HHTH domain was elaborated with long insertions (Fig. 1a,  gray) placed in the 'turn' region (Fig. 1a, yellow) of the HTH motif. These insertions are structured in subdomains that contain small β-sheets (Fig. 1a, gray) . It is not unusual for HTH proteins to incorporate insertions in 'turn' regions, found for example in the endonuclease FokI (38) . The presence of these subdomains disrupting the HTH motif masks the sequence signal and prevents motif detection in Int proteins by sequence analysis. The first HHTH domain of Int proteins is used primarily for DNA binding while the second HHTH domain is adapted to a catalytic role.
The following question arises: are there other examples of HTH domains that are not only present in an enzyme as nucleotide-binding modules but possess enzymatic activity (i.e. carry at least some of the catalytic residues)? PDB (39, 40) searches by DALI (34, 35) and VAST (36, 41) reveal domains of different topoisomerases that contain catalytic tyrosine residues as members of the HHTH fold. The presence of HHTH domains in type IA, II and VI topoisomerases (42-44) has been detected previously (44) (45) (46) . Topoisomerase IA, II and VI HHTH domains contain a small amount of β-sheet and should be classified as CAP-like 'winged' HTH domains (Fig. 2a, c and d) . Notably, all of these enzymes possess a catalytic mechanism similar to the one established for Int proteins, i.e. tyrosine is utilized as a nucleophile and found in an HHTH domain. The Int family includes type IB topoisomerases. Thus an evolutionary connection exists between all 'tyrosine' DNA-breaking/rejoining enzymes with known structure, namely type IA, IB, II and VI topoisomerases, which all contain an enzymatic HHTH module. Structure superpositions of these domains in the four enzymes reveal that the position of the catalytic tyrosine residue is not structurally conserved (Fig. 2e) . In the topoisomerase VI structure (44) Tyr103 is placed in α-helix B (Fig. 2a) ; in the Int family, including topoisomerase IB (21, 22, 24, 47) and Cre recombinase (18) , Tyr324 (Cre numbering) is incorporated in α-helix C (Fig. 2b) ; in topoisomerase IA (42) Tyr319 is at the C-terminal end of the first β-stand in the 'wing' segment of the HHTH domain (Fig. 2c) ; in topoisomerase II (43) Tyr782 is located after a long loop at the beginning of the second β-strand in the 'wing' (Fig. 2d) . The sites in homologous HTH domains where catalytic tyrosines are located are not homologous; therefore, the catalytic properties of HTH domains in DNA-breaking/ rejoining enzymes are likely to have evolved independently in parallel. Thus catalytic HHTH domains provide a unique example of homologous enzymes with a similar mechanism but different location of active site residues which are placed at non-homologous sites.
